cholesterol is that although biliary secretion is a major route for excretion, the substance is virtually insoluble in water and so carrier systems must be available to transport the cholesterol in bile. These carriers have finite capacities, which if exceeded can lead to the precipitation of cholesterol crystals.
Phospholipids
Although there are many different types of hepatic phospholipids, more than 95% of biliary phospholipid is diacylphosphatidylcholine (lecithin). Lecithin consists of a glycerol molecule with two fatty acid chains in the sn-1 and sn-2 positions and a choline group originating from the third glycerol carbon. Lecithins differ in their fatty acid chain composition, with the least hydrophobic hepatic lecithins selected for secretion. The commonest biliary lecithins are 16:0-18:2 and 16:0-18:1, with the pattern of a saturated fatty acid at sn-1 and an unsaturated fatty acid at sn-2 being the common one for most other biliary lecithins also5. Some differences in lecithin species have been reported between patients with and without gallstones6'7, but there is incomplete agreement in the results of these studies and the relevance of the findings is as yet unknown. However, these observations are potentially quite important since phospholipids contain arachidonic acid the precursor substance of prostaglandins, which have important effects on the gallbladder.
Phospholipids also are very sparingly soluble in water as monomers, but swell in water to form a bilayer i.e. sheets two molecules thick, in which the fatty acid chains project toward the interior of the sheet and the polar choline groups point outward into the water phase. This is the characteristic positioning of phospholipid in cell walls and also in biliary mixed micelles and vesicles. A vesicle is a phospholipid sheet folded to form a hollow sphere of bilayer, enclosing some of the aqueous medium in the interior. Mixed micelles have a drum like configuration in which the sheet-like bilayer is the skin of the drum and bile salts are the rim. The importance of the bilayer in gallstone formation is that it is in the interior of the bilayer where the fatty acid chains of lecithin provide a highly hydrophobic milieu that increases cholesterol solubility. Precipitation is possible when these sites become overloaded, i.e., supersaturated with cholesterol. As noted in the previous section it seems that all secreted cholesterol and phospholipid are initially in vesicular form and the C'P ratio of these vesicles is less than 1.0 even in supersaturated biles. Vesicles with a C:P ratio less than 1.0 are highly stable, in respect to nucleation of cholesterol3'3; even vesicles with C:P ratios of 1.5 require several days to nucleate cholesterol crystals3. Maturation involves two processes, progressive micellation of vesicular phospholipid and cholesterol and relative enrichment of vesicular cholesterol, i.e., an increase in the C:P ratio. Micellation is the movement of lipid from vesicle to micelle; studies of lipid movement between vesicles and between micelles in model systems indicate several possible mechanisms including transfer of phospholipid and cholesterol monomers through the aqueous phase and transfer during collision of micelles and vesicles32'33. There is direct experimental evidence for progressive micellation in human biles; we have shown that the per cent cholesterol in vesicles in gallbladder bile is less than in hepatic bile34. The concept that human bile vesicles become relatively enriched in cholesterol during micellation comes from observations on both human 31 and model biles35. We subjected human bile vesicles to progressively greater concentrations of bile salt on a column, to simulate the maturation process. As expected this resulted in progressive micellation, but the process was uneven in respect to cholesterol and phospholipid, with preference given to micellation of the phospholipid3. Consequently vesicles were enriched in cholesterol, the C:P ratio rose and nucleation from these vesicles was accelerated31. The process of maturation is probably accelerated in the gallbladder. There, due to dehydration of bile, the number of bile salt monomers required to satisfy the CMC is reduced and new micelles are produced. If the volume of bile is reduced to 20% of initial volume by water and electrolyte absorption the mass of new simple micelles produced is substantial. Dehydration may also be important by increasing the probability of collisions between lipid carriers. Recently we examined a population of persons with cholesterol crystals but no gallstones. Their gallbladder bile was more concentrated than bile of a control group without crystals even though the CSI of the two groups was identical36.
The maturation process in unsaturated and supersaturated bile may be summarized as follows. Unsaturated bile is a condition of micellar excess. At the canaliculus all the cholesterol and phospholipid are in vesicular form and the C:P ratio is low. As bile moves down the biliary tree there is progressive micellation and enrichment of residual vesicles in cholesterol. Eventually, since there is micellar excess, all the vesicular lipid is micellarized. It is at this point that equilibrium is reached. If the relative composition of the bile is plotted on the equilibrium phase diagram, it will fall within the micellar zone. The events described above occur in time and only after all reactions are completed is equilibrium reached; only then will the phases present in bile correspond to those in the equilibrium phase diagram. In contrast to the unsaturated state, the supersaturated state is a condition of micellar insufficiency. In this case after maturation of the lipid carriers is completed, vesicles with a high C:P ratio remain after micelles become completely saturated with cholesterol. As this system continues to move toward equilibrium, cholesterol crystals appear, and at equilibrium either two (crystals and micelles) or three phases (crystals, micelles and vesicles with a reduced C:P ratio) will be present. An important corollary is that while maturation is beneficial or at least not harmful, in undersaturated bile, maturation must be seen as detrimental in supersaturated bile, since it leads to the conditions necessary for nucleation of crystals. As reaching the equilibrium state rapidly in supersaturated biles is undesirable, agents accelerating the lipid transfer processes of maturation must be pronucleating, whereas agents retarding them are antinucleating. Furthermore, altering bile salt composition by replacing bile salts with good micelle forming properties with ursodeoxycholate, a poor micelle forming bile salt, may actually be beneficial by virtue of slowing this maturation process.
Nucleation of Cholesterol Crystals
Nucleation of cholesterol crystals occurs from biliary vesicles. We have shown that cholesterol crystals nucleate from human bile vesicles that have been separated from micelles, but nucleation does not occur from the micelles31. Morphological studies also support the view that nucleation occurs from the vesicular phase37.
Nucleation appears to occur from the small unilamellar vesicles of human bile after they aggregate 38 ( Figure 4A ) or after they aggregate and fuse into large multilamellar vesicles38. The latter are much larger than the unilamellar vesicles secreted by hepatocytes and appear as "Maltese cross" figures on polarizing light microscopy ( Figure 4B ); Unilamellar vesicles require EM to be seen. Vesicular lipid is not uniformly distributed over the surface of the vesicular bilayer; instead cholesterolrich and cholesterol-poor zones exist39. As the vesicle becomes enriched in cholesterol, the proportion of the surface that is cholesterol-rich will increase. It is not known for sure how aggregation of small unilamellar vesicles (20-100nm) Supersaturation is the sine qua non of cholesterol gallstone formation, and there is a linear correlation between the reported CSI of various population groups and the incidence of cholesterol gallstones in that population ( Figure 5) 4o Supersaturation of bile with cholesterol is extremely common in adults on Western diets. In a large group of control biles we recently observed the median CSI to be 1.04, i.e. supersaturated36, indicating that more than one-half of patients having surgery for non-biliary conditions in our population have supersaturated biles. Many other studies have also demonstrated that supersaturated bile is extremely common in our population41-43.
The cause of supersaturation seems to be different depending upon whether the patient is thin or obese44. Thin patients appear to have a small bile salt pool and a reduced bile salt secretion rate relative to the secretion rates of cholesterol and phospholipids, whereas the obese have a normal bile salt pool but increased secretion of cholesterol44. Cholesterol secretion into bile is directly proportional to body weight 45 accounting for the effect of obesity on cholesterol saturation in bile. Obesity promotes supersaturation through another mechanism also, in that cholesterol secretion rates are markedly increased during periods of rapid weight loss as body tissues are mobilized46. The thin supersaturated patient is thought to develop a small bile salt pool by virtue of an inappropriately low response to the stimulus to bile salt synthesis, i.e. as the pool is lost in the intestine these individuals fail to respond appropriately by increasing bile salt synthesis levels which would restore the pool44. Why or how this occurs is unknown. Others have also described a 72 found a significant increase in the gallbladder mucous glycoprotein concentration in patients with cholesterol gallstones compared to control patients, particularly if sludge was present. On the other hand we found no significant difference in the gallbladder mucous glycoprotein concentration between the two patient groups73. Furthermore, in qualitative studies, both the amino acid and carbohydrate content of mucous glycoproteins purified from patients with and without cholesterol gallstones were shown to be very similar72'73. The only reported difference in mucous glycoprotein between groups is in sulphate content72'74. Finally we showed that the mucous glycoprotein purified from normal control bile was just as effective in accelerating the nucleation time as mucous glycoprotein obtained from stone former bile7.
Proteins other than mucous glycoproteins Early investigations in our laboratory showed that patients with cholesterol gallstones contained a potent nucleating factor that was not removed by steps which eliminated mucous glycoprotein6. Purified preparations of biliary proteins were prepared,removing only the mucous glycoproteins. These proteins were used to perform an experiment very similar to the one described above for mucous glycoproteins, i.e. gallbladder proteins obtained from patients with stones and controls without stones were added in identical amounts to control gallbladder bile75. These results are shown in Figure 9 . We found that the proteins from patients with cholesterol gallstones were better pronucleators than the proteins of control patients. All protein samples from gallstone patients accelerated nucleation of control bile, but control patient proteins did so infrequently.
Further purification of the pronucleating protein has been achieved by using
Concanavalin A affinity chromatography of hepatic bile samples76. Nucleation promoting activity was also reported to be present in patients without cholesterol gallstones but is less potent. This Con A binding glycoprotein has been shown to accelerate the nucleation time of model biles in a dose response manner ( Figure   10 ) 77 The number of crystals observed per day was also greater in models containing the higher concentration of Con A binding glycoprotein. Since Support for the role of apolipoproteins came from the work of Sewell et al. 86 and Ohisalo et al. 87 who demonstrated their presence in human gallbladder bile. Subsequently, purified serum apolipoproteins, namely apoprotein A-l, A-2, and C-3, were added to model biles to study their effect on nucleation time88. Apoprotein A-1 and A-2 inhibited the rate of formation of cholesterol crystals in supersaturated model bile systems. Apoprotein C-3 had no effect. Furthermore, Apoprotein A-1 and A-2 were identified in the included gel filtration fraction shown previously to contain the cholesterol nucleation inhibiting factor88. These results strongly suggest that Apoproteins A-1 and A-2 are proteins that inhibit cholesterol crystal nucleation in human supersaturated gallbladder bile. One might expect then that the concentration of these proteins would be higher in patients without gallstones. However, this was not found to be so. The concentrations of Apoprotein A-1 and A-2 is similar in patients with and without gallstones86.
Other possible nucleation inhibiting proteins Groen et al. recently reported nucleation inhibiting activity in human bile in the unbound protein fraction from a Concanavalin A Sepharose lectin column76. The nucleation inhibiting fraction was unstable; inhibiting activity was lost after 24 hr at 37C. This nucleating inhibiting protein may be Apolipoprotein A-l, which does not contain carbohydrates89, and would not bind to Con A. The activity of this factor is transient at 37C likely because it is denatured by endogenous proteolytic enzymes in gallbladder bile76.
Holzbach's group has used several lectins in order to isolate nucleating and antinucleating proteins from normal gallbladder bile9. The protein fraction isolated by Helix pomatia, a lectin specific for N-acetyl-D-galactosamine 91 inhibited both nucleation and crystal growth. This protein fraction was reported to have greater potency than Apolipoprotein A-1. The identity of this factor remains to be determined.
Mode of action of pronucleating and antinucleating substances
There are at least four mechanisms for altering the rate of appearance of crystals. First the rate of maturation of biliary vesicles could be altered, accelerating or delaying the production of vesicles with a high cholesterol:phospholipid ratio. There is some evidence that the Con A pronucleating protein acts in this way92. Nucleation rates from such mature vesicles could also be altered by substances promoting aggregation or fusion of vesicles. Certain proteins as well as other substances have been implicated as aggregating agents [93] [94] [95] [96] or fusogens97-1a, and the biliary proteins which are being described as pronucleating or antinucleating could act in this way. Finally the agents could act by accelerating or slowing crystal growth.
From Crystal to Stone Stasis and Glue Crystalbilia does not necessarily lead to stones any more than supersaturation leads to crystalbilia. Although there are many aspects of supersaturation and crystal formation yet to be understood, nowhere is knowledge more lacking than in the processes which lead from crystals to stones. There are two guiding facts. Stones are complex structures consisting of a matrix and inorganic salts as well as cholesterol and these non-cholesterol materials may have the role of binding the stone together. Secondly, crystals are excreted from the gallbladder, so for stones to form there must be a period of crystal retention, i.e. stasis.
There are multiple lines of evidence that abnormalities in motility are important in stone formation. There is an increased incidence of stones in situations where stasis occurs, such as pregnancy12, treatment with female sex hormones12 '3, during fasting14'15, and in patients on total parenteral nutrition (TPN) 4'6. Stasis may also contribute to stone formation after vagotomy7'18.
TPN associated stone formation may be due to stasis secondary to decreased gallbladder stimulation. Patients receiving some oral supplementation have a much lower incidence of stone formation than those who receive no oral intake14 '19. Although such stones may be cholesterol in type, they are usually pigment stonesTM.
The increased risk of gallstones in multiparous females 1 may be due in part to gallbladder stasis. Gallbladder emptying is impaired in the third trimester of pregnancy when progesterone levels are highest12'11-12. It has been found that pregnant women and women taking contraceptive steroids have increased gallbladder volumesTM. In female guinea pigs, gallbladder contractile response to CCK is related to the number of progesterone receptors in the gallbladder walljt, with maximum contractility occurring after oophorectomy when progesterone levels are lowest. Conversely, progesterone pretreatment decreases the response to CCK or acetylcholine14 '15. In pregnant guinea pigs the response to CCK is reduced whereas the response to extracellular potassium chloride is unaffected16, this suggests that the effect of sex hormones is at the receptor level and that the gallbladder muscle is itself unimpaired.
There is now strong evidence that the composition of the bile may affect gallbladder motility, and particularly that high cholesterol concentrations reduce motility by a direct non-receptor mediated effect on the muscle of the gallbladder. Behar 
